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ABSTRACT
The purpose of this dissertation is to investigate the magnetic and transport 
properties of the dilution series connecting the mono-silicides FeSi, CoSi, and MnSi. 
We have focused on these materials since they allow the exploration of carrier doping 
of an unusual insulator, FeSi, whose properties are dominated by strong Coulomb 
interactions. These monosilicides all have the same cubic B-20 crystal structure making 
them ideal for an exploration of Fe,.,MnxSi and Fe,.yCoySi for all x  and y between 0 and
1. The carrier sign and densities, as well as the proximity to magnetic phases can be 
controlled by the level of chemical substitution across this series. We have investigated 
the transport and magnetic behavior of this system, centered on the Kondo insulator 
FeSi, by carrying out magnetization, Hall effect, resistivity and magnetoresistence 
measurements. We have discovered that MnSi and Fe,.yCoySi, which both are itinerant 
helimagnetic compounds, differ in that the Co doped FeSi is nearly spin polarized and 
has a novel temperature and field dependent conductivity. We discovered that the MR 
in Fe,.yCoySi is due to quantum interference effects which are substantial in this 
compound up to 100 K. Fe,.yCoySi (0 < y  < 0.3) is a strongly scattering low charge 
density metal in which we have also discovered an extraordinarily large anomalous Hall 
effect. In contrast the hole doped insulator, Fe,.xMnxSi, remains paramagnetic up to x  < 
0.9 with a large quasiparticle mass and a conductivity (o) that is dominated by electron- 
electron (e-e) interaction effects. At low temperatures the hole carriers are localized 
beyond that due to the usual square-root singularity associated with quantum 
interference effects. In fact, the a  and susceptibility are comparable to the diluted 
magnetic semiconductors, such as the Mn doped II-VI compounds.
xiii
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 1
INTRODUCTION
In this work we present investigations of the magnetic and transport properties of 
the dilution series of the mono-silicides FeSi, CoSi, and MnSi. These materials have a 
common B-20 cubic crystal structure, allowing an investigation of their electronic and 
magnetic properties as we vary the number of d electrons on the transition metal site.
1.1 Background and Motivation
The doping of magnetic or nonmagnetic semiconductors and insulators has 
resulted in interesting and useful electronic and magnetic properties, and has led to recent 
discoveries in materials where Coulomb interactions are significant. Recent discoveries 
include “colossal” magnetoresistance (CMR) of manganites1'3, and low density magnetic 
systems4- s. Along side of these discoveries, the development of micro-structures of 
magnetic materials has led to the discovery of the MR of magnetic superlayers referred to 
as giant magnetoresistance (GMR)6, spin dependent electronics (spintronics)7’ 8, as well 
as MRs in several other systems5’ 9- >0. These discoveries have led to the technological 
applications in magnetoelectronics, such as the increased sensitivity of read/write heads 
and thus the information density of magnetic storage devices.
Our motivation was to search for novel behavior in magnetic systems when the 
carrier density can be controlled -a  doped semiconductor. We have chosen the strongly 
correlated insulator FeSi which is distinct from classic semiconductors such as Si, Ge, 
and Mott-Hubbard insulators. Since the monosilicides FeSi, CoSi, and MnSi all have the 
same cubic B-20 crystal structure, they allow the exploration of the Fe^Mn^Si and Fe,. 
yCoySi for all x  and y  between 0 and 1. In this way we controlled the carrier density and 
disorder in a magnetically interesting phase diagram (Fig. 1.1 (a)). This system has been 
known to have varied ground state properties dependent on composition including Kondo 
insulating or metallic, as well as heiimagnetic, paramagnetic, or even diamagnetic. It is the
1
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existence of the strongly correlated insulator FeSi at the center of this series which 
determines the charge and magnetic ground state properties of this transition metal silicide 
dilution series (see Fig. 1.1). The ferromagnetic fluctuations of this parent insulating 
system combined with the low carrier concentration and concomitant dominance of the 
Coulomb interactions of a diffusively conducting system give this series its unique 
electronic properties.
The electronic and magnetic properties of carrier doped classic semiconductors 
like Si near metal-insulator transition (MI) have been found to be determined by disorder 
and electron-electron (e-e) interactions1112. The importance of Coulomb interactions has 
been further highlighted by investigations of systems such as the Mott-Hubbard 
insulators, where the Coulomb interactions are responsible for the insulating behavior. 
The resulting metals have interesting and unusual magnetic and superconducting ground 
states. These investigations have found for examples, that V vacancies in V2 i03 produce a 
metal with spiral magnetic order13-14, Sr substitution in La2.,Sr]lC u04 produces a high- 
temperature superconductor15*19, and hydrostatic pressure applied to Ni(S,Se)2 produces 
a MI transition with novel critical exponents20. Recently, another class of insulators with 
strong e-e interaction effects have emerged, namely “strongly correlated” or “Kondo” 
insulators21*25. The best characterized of these is FeSi26.
One of the interesting aspects of this work is that FeSi and the Kondo insulators 
seem to be distinct from the classic semiconductors and the Mott-Hubbard systems. FeSi 
is thought to belong to the Kondo insulator family which is mostly made up of rare-earth 
intermetallics. FeSi is the only transition-metal compound to be classified in this group of 
materials24-26-21. It is an insulator with a band gap of 60 meV which originally attracted 
attention over 30 years ago because this material which is half Fe has a low temperature 
susceptibility that surprisingly approaches zero26- 28. The magnetic susceptibility and 
inelastic neutron scattering spectrum measurements revealed a thermally activated spin 
susceptibility which has only recently been modeled 2S- 28- 29. Measurements of the ac
2
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conductivity30 and the photoemission31 find temperature-dependent features in direct 
conflict with traditional theories of band-gap insulators. This is considered to be clear 
evidence that this insulator is distinct from the garden variety of band insulators.
With either hole (Mn or Al) or electron (Co) doping of FeSi an insulator to metal 
(MI) transition occurs at a level of -  0.01 (Fig. 1.1 (b) and (d))32- 33. While electron 
doping beyond the MI transition almost immediately produces a helimagnetic ground 
state, hole doping produces a simple paramagnetic metal. It is only upon approaching the 
MnSi phase diagram that a helimagnetic state appears (jc > 0.8). At this end of the phase 
diagram shown in Fig. 1.1 (a), both the magnetic and transport behavior are that of a 
textbook weakly itinerant ferromagnet34. Although FeSi is a nonmagnetic insulator and 
CoSi is a diamagnetic metal, nearly all of the phase diagram between is characterized by a 
metallic and helimagnetic ground state (see Fig. 1.1 (a))35'39.
We have investigated the transport and magnetic behavior across this dilution 
series by carrying out magnetization. Hall effect, resistivity and magnetoresistance 
measurements. For Fe,.yCoySi (0 < y < 0.3) we find a low charge density (n) 
helimagnetic phase with one of the largest anomalous Hall effects measured to date. 
Furthermore, we have discovered that MnSi and Fe,.yCoySi, which both are itinerant 
helimagnetic compounds, differ in that the Co doped FeSi is nearly spin polarized and has 
a novel T and field dependent conductivity. In fact, we have discovered a positive MR in 
Fe,.yCoySi up to T  exceeding Tc which can be described in terms of the quantum 
contributions to the conductivity.
In Fe,_xMnxSi, we have concentrated on the low Mn concentrations (0 < x  < 0.08) 
with the intention of comparing it to FeSi,.zAlz. In both cases we expect holes to be 
introduced in FeSi by doping on the two different sites. We found that the basic physics 
of the metal induced from FeSi by hole doping does not depend on the site at which the 
holes are introduced. For both Fe,.zMnzSi and FeSi,.zAlz the low T o  is dominated by the
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Fig. 1.1 Phase diagram for Fe,.xMnxSi and Fe, CoySi. (a) Transition temperature (Tc) 
v s .  nominal Mn and Co concentration (jc, y). (b) low T  conductivity vs. nominal Mn and 
Co concentration (jc, y). (b) Lattice constant vs. nominal Mn and Co concentration (x, y ) .
(c) Carrier density as determined from Hall effect vs. nominal Mn and Co concentration 
( jc, y ) .  (d) Hall mobility vs. nominal Mn and Co concentration ( jc, y ) .  (HMM -  
helimagnetic metal, PMM -  paramagnetic metal, PMI -  paramagnetic insulator).
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correlation effects (e-e interactions) of a disordered metal. In both cases there is a strong 
enhancement of the quasi-particles mass on the metallic site of the transition- a heavy 
Fermion metal. There are however, significant differences in the two compounds in both 
the low T magnetic and transport properties. Fe,.xMnxSi appears to be different from 
FeSilzAlz in that its low temperature properties are similar to the diluted magnetic 
semiconductors. Associated with this ground state is magnetic field driven insulator to 
metal transition.
1.2 Organization o f the Thesis
Specific questions we hoped to answer are discussed for each system in the 
following chapters. Chapter two discusses the general overview of measurements of 
interest. Chapters three through five present the results of the measurements and 
conclusions reached. In chapter three we discuss the Hall effect measurements of both 
dilution series Fe,.xMnxSi and Fe,.yCoySi. Chapter four covers the magnetic and transport 
measurements of Fe,.yCoySi with comparisons made to classic helimagnmetic compound 
MnSi. Chapter five deals with magnetic and transport measurements of FeUxMnxSi 
compared to FeSi,.zAlz in the same hole concentration range. We conclude with chapter 
six where we sum up our results and conclusions.
1.3 Experimental Details
The samples investigated in our experiments were either polycrystalline pellets or 
small bars cut from single crystals grown from Sb and Sn fluxes. The polycrystalline 
samples were produced from high purity (99.995%) starting materials provided by Alfa 
AESAR, A Johnson Matthey Company, by arc melting in an argon atmosphere. To 
improve sample homogeneity Fe,.yCoySi (Fe,.xMnxSi) samples were annealed for 24 
hrs. at 1200 °C (four days at 1000 °C) in evacuated quartz ampoules. We employed x- 
ray spectra on the ground samples obtained with Cu-Ka radiation on a SIEMENS D5000 
equipped with a position sensitive detector to determine that samples were single phase. 
The lattice constant of the doped samples from the x-ray spectra are shown in Fig. 1.1
5
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(c), where it is apparent that they depend linearly on both Co and Mn concentrations 
respectively. This observance of Vegard’s law demonstrates that both Co and Mn 
successfully replace Fe in the whole concentration range. We have performed energy- 
dispersive x-ray microanalysis (EDX) and wavelength dispersive spectroscopy (WDS) on 
a JEOL Superprobe 733 scanning electron microscope equiped with a Kevex Si (Li) 
detector to check the stoichiometry of our samples. We used beam current of 10 mA and 
accelerating voltage of 15 kV for WDS measurements. The data show no evidence that 
the Co, Mn, Fe, or Si concentration differs from the nominal values.
The resistance and Hall-effect measurements were performed on rectangular 
samples cut by a string saw and polished with emery paper. Thin Pt wires were attached 
to four contacts made with silver paste which were arranged linearly with an average 
spacing between voltage probes of 2 mm along an average cross section of 1 x 0.5 mm2. 
The resistivity (p) amd magnetoresistance (MR) measurements were performed at 19 Hz 
using standard lock-in techniques in a dilution refrigerator with 9-T superconducting 
magnet, and at high temperatures with a gas flow cryostat in a 5 T superconducting 
magnet. The contacts for the Hall effect were carefully aligned, and measurements were 
performed with fields between -5  and 5 T. The Hall voltage (VH) was taken as VH = 
(V(H) -  V(- H)) / 2, thus correcting for any contamination from the field symmetric MR 
due to misalignment of the contacts. We have determined the field direction in our 
superconducting magnet and thus the sign of ordinary Hall constant by measuring the 
Hall effect of 200 A thick A1 film as standard sample40.
The magnetic susceptibility (%) of the same samples was measured in a Quantum 
Design superconducting quantum inteference device (SQUID) magnetometer for fields 
between 0.05 and 0.1 T and temperatures from 1.7 to 400 K. We collected magnetization 
(M) measurements between 1.7 and 400 K in fields between -5  and 5 T in a SQUID 
magnetometer and from 0 to 32 T in a vibrating reed magnetometer at the National High 
Magnetic Field Laboratory (NHMFL) in Florida.
6
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CHAPTER 2
OUTLINE OF THE MEASUREMENTS
In this work we have measured four properties of the doped FeSi compound as to 
investigate the influence of doping: resistivity, magnetoresistance. Hall effect and 
magnetic susceptibility. In this chapter we give an overview of the measurements and 
what information can be drawn from each.
2.1 Hall Effect
The Hall effect is commonly used to determine the carrier concentration in a 
material. Consider a material carrying a current i in the Jc direction as shown in upper 
frame of Fig. 2.1. The material has a concentration of conduction electrons nt , which has 
a mobility //,. In the absence of a magnetic field the Hall Voltage VH = 0. When a
magnetic field H is applied in the z direction the electrons which are moving in - x  
direction with drift velocity vx are deflected in - y  direction as a result of the Lorentz
force thus building up charge on the edge of a material. This build up results in an electric 
field, Ey = - (VH / b)y  across the sample, called the Hall Field41, where b is the width of
the sample. The charge build up continues until the force of the Hall field on the moving 
conduction electrons balances the Lorentz force and halts further accumulation of 
electrons on the sample edge. Once equilibrium is reached the force in the y direction is 
zero41:
Fy = - e ( v x B ) y +eEy = 0 , (2.1)
where e is the electron charge.
7
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n
Fig. 2.1. Upper frame: The Hall effect in paramagnetic metals 
Lower frame: The Hall effect in ferromagnetic metals.
The current density is 41:
where d is sample thickness and thus the Hall field is
E = Yil = _ _ L / f /  = __L
y b n.e x n.e bd
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where R„ is called the ordinary Hall constant
(2.4)
VH is given by:
(2.5)
These can be inverted to find the carrier concentration in terms of the measured quantities 
VH, i, H  and d,
In some materials, there exist both positive (holes) and negative (electrons) charge carriers 
each of which has a concentration,nh, and/i,, and a mobility,/i„, and/*,. In this case an
analogous calculation leads us to a Hall constant which depends on both the concentration 
and mobility of each carrier species41:
_ wl-n.n; (2.7)
Note that if nh = 0, equation (2.7) reduces to one carrier limit Rq = ~ Y  e - and that if nt 
= 0, equation (2.7) reduces to R„ = Y  £. This demonstrates that the Hall constant is
negative for electron carriers and positive for hole carriers.
9
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The ratio Ey /  Jx is known as the transverse resistivity (pxy) which is usually a few 
orders of magnitude smaller than longitudinal resistivity (p„). However in magnetic 
materials a second contribution which is proportional to the magnetization (Af) (see Lower 
frame: Fig. 2.1), known as anomalous or extraordinary Hall effect dominates at low H 
andean be hundreds of times larger than the ordinary p iy42. This second contribution is 
thought to result from both the spin-orbit (SO) scattering and the spin alignment of the 
carriers. The same mechanism creates an anomalously large pxy in heavy fermion 
metals43. In order to highlight this contribution it is customary to write pxy as44*45
Here Rg is the Hall effect resulting from Lorentz force on the carriers in the same manner 
as in paramagnetic materials and Rs is referred to as the anomalous or extraordinary Hall 
constant. To characterize Rs below Tc where usually Rs »  R0, it is best to extract the 
spontaneous Hall resistivity pxyS by a linear extrapolation of the data at high fields to H -  
0. Then Rs = pxyS /  4nMs and the high field slope gives R0. Above Tc and for H = 0 we 
have %H = 4nM  and equation (2.8) becomes
The accepted theory of the anomalous Hall effect relies on SO coupling between the 
carrier and the lattice which produces a left-right asymmetry in the scattering42. Above Tc 
the randomization of the spins leads to an insignificant Ey. However, a large Ey results 
when material has a non-zero M due to the alignment of the carrier spins (see Fig 2.1 
lower frame). This alignment creates an abundance of scattering in one particular 
direction, and net current perpendicular to Ex. Thus an Ey many times larger than that due
pxy = R J i  + 4nMRs. (2.8)
pxy = (R0 + Rs4tcx)H . (2.9)
10
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to Lorentz force is necessary to cancel this anomalous current. It has been established, 
both experimentally and theoretically that there is a direct correlation between the 
extraordinary Hall coefficient and longitudinal resistivity in the form
R s =*4>Ha i (2.10)
where A. is the SO coupling constant and n depends on the predominant SO scattering 
mechanism involved: n = I for skew scattering , and n = 2 for side jump scattering44-46. 
To understand the origin of these two mechanisms, we know that according to quantum 
mechanics, a free electron (represented by a wave packet) moves on the average with 
constant velocity, along a straight line. Assume then the electron be scattered at t ~ 0 by a 
central potential. Again, and for the same reasons, the average electron trajectory after 
scattering (r »  0) will be a straight line. In the presence of SO interaction, the symmetry 
of the problem is low, and may not coincide. Thus the new effects are expected: First, the 
two lines can form an angle 8 related to asymmetric scattering (skew scattering). 
Secondly, the two lines may not meet at the center of the scattering potential; there is a 
small abrupt side jump Ay (side jump scattering). The side jump is of no consequence in 
the case of a conventional experiment where free particles are scattered by atoms or 
nuclei. This is understandable, because usually the particle detectors are located at several 
cm or m from the target, distance much larger than Ay. But Ay  is more important in 
ferromagnetic metals and alloys, where the mean free path \  o f a conduction electron 
after collision may be smaller than 10'9-10'8 m.
While asymmetric scattering arises from a collision term of the classical Boltzmann 
equation, the side jump Ay is non-classical. The physical nature o f Ay is easily 
understood in terms of localized electrons or wave packets, not in terms of plane waves or 
of momentum representation. Ay exists because the impurity distorts the wave function
II
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locally, and creates a local current density. The skew scattering term, believed to arise 
from spin-orbit coupling between the magnetic moment and the conduction electron, is 
expected to dominate in pure materials at low temperatures, whereas the side jump 
mechanism is predominant in the higher temperatures and in materials with higher 
resistivities.
2.2 M agnetoresistance in Normal M etals
The field dependence of the resistance (magnetoresistance) in a material often 
reveals important information about its electronic structure. In a purely classical Drude 
model of metallic conduction the conductivity a  -  1 /  p is proportional to the conduction 
electron concentration n and relaxation time t 40. At low temperature the dominant 
scattering is that by impurities which is temperature and field independent. Since t  does 
not depend on magnetic field the purely classical model predicts, incorrectly, that the 
resistivity is not field dependent,
a  = L = t} £ L  (2.H)
P me
What this classical model is missing is the fact that in a metallic material with 
Fermi surface (with either open or closed orbits), the electron is restricted to travel (in k 
space) along surface of constant energy. This restriction reduces the rate at which a 
conduction electron can absorb energy from the driving electric field and results in an 
increase of the resistivity with increasing field. If the orbits on the Fermi surface are 
closed the magnetoresistance saturates at high fields, while for open orbits it increases 
without limit
The existence of localized magnetic moments like Fe in pure metals such as Cu 
form dilute alloys where the local moments couple to the conduction electrons (Kondo 
effect). This coupling has important consequences on the electrical resistivity. At low
12
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temperatures the magnetic impurities act as the main scattering centers. There is a 
resistivity minimum as the p has a crossover between low T  and high T  due to phonon 
scattering. When T  is lowered, p depends on T  as ln(T), reflecting the presence of a large 
resonance at or near Fermi energy EF in the conduction electron scattering rate as a 
function of energy (Kondo resonance). The magnetic field destroys the conduction 
electron screening of localized moments (which is the source of resonance) leading to a 
decrease in resistance, hence a negative magnetoresistance.
In ferromagnetic metals an anomalous electrical resistance is observed which is 
characteristic of the magnetization and is additive to the ordinary electrical resistance. The 
origin of this anomalous electrical resistance below Curie temperature (Tc) is understood 
as due to spin fluctuations that scatter electrons through the exchange interaction. The 
temperature dependence of resistivity below Tc due to spin fluctuations is given by:
and at high temperature the resistivity depends linearly on Tas in normal metals. It is also 
observed that the resistivity of a ferromagnetic metal has a peak in d p /d T  near TCA1. The 
change of slope above and below Tc is given by the following equations:
p  = p0 + B (H )T 2. (2.12)





Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
= T < T c-pc dT i)
(2.15)
where k - ( T - T c) / r o  ti, ti', A, A', B, B 'aie  constants, and pc is the resistivity at T:c 
Renormalization theory predicts r| = r|' = 0.1 and A /  A '~  1.3 for a three dimensional 
exchange ferromagnet48. The external magnetic field usually suppresses the amplitude of 
spin fluctuations, and reduces the resistivity due to the fluctuations leading to negative 
magnetoresistance (MR).
In an insulator, where conduction occurs via thermally activated hopping of 
electrons across an energy gap A, the resistivity can be changed by magnetic field via the 
field dependence of energy gap. In this case the Zeeman splitting tends to lift the spin 
degeneracy of the gap edge. Since there is no need for energy conservation for the 
thermally activated hopping, the net result is a decrease in the gap magnitude gfigH, 
where g is the Lande factor. Because p  ~ exp(A /  kaT) depends exponentially on A, 
magnetic fields can often have dramatic effects on the resistivities of insulators.
2.3 M agnetoresistance in Disordered M etals
An insulator can be made metallic by chemical substitution (doping), by pressure, 
or by application of external magnetic field. Such a transformation is refered to as an 
insulator-to-metal (MI) transition. For chemical substitution, the metal resulting from this 
process is very disordered because of the random distribution of the impurities in the host 
parent compound. Since in this work we are dealing with an insulator (FeSi) where 
correlations are important, we find that the theory discussed above is not sufficient to 
explain our data. Hence, in this section we discuss the temperature and magnetic field 
dependence of the resistivity of disordered, strongly correlated metals.
The metal-insulator (MI) transition in disordered materials has of late been studied 
by the methods of the theory of second-order phase transitions. Experiments confirmed
14
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that conductivity goes to zero in a continuous manner49'51 at a metal-insulator transition 
and does not show a discontinuous jump as was once assumed. In a disordered system, 
the Anderson localization effect52' 53 and Coulomb correlations of the diffusing 
carriers54*55 have been shown to be equally important. In the simplest scaling model, the 
conductivity in proximity to the MI transition has the form
where s is a parameter that drives the MI transition56'58. In our case s will be the Mn or 
Co concentration, or the external magnetic field. The other parameters in this model are 
the correlation length £ which diverges a s ( s - s c)~M and the time scale x (s) which
diverges as T goes to zero as (s -  s ^ .  In these formulas the critical exponent v is related 
to the manner in which o  vanishes at T  = 0, a  °c (s -  sc)v. On the insulating side of the 
transition the conductivity is dominated by hopping, where the assumption is that there 
are localized states near Fermi energy. The temperature dependence of a  due to hopping is 
usually given by:
The assumption that all jumps are over a fixed distance R (fixed range hopping) is only 
justified for hops between nearest neighbors. For R > R° (mean separation of nearest 
neighbors), hops of different distances will follow one another (variable range hopping). 
The hopping transport is due to phonon-assisted hopping, and is prevalent among 
insulators with a small density of extrinsic carriers.
(2.16)
(2.17)
where ^  is the localization length and g is the density of states. This is Mott’s T '4-law.
15
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For materials on the metallic side of the MI transition, the effect of disorder on the 
temperature and field dependence of the conductivity is significant This sensitivity results 
from the diffusive motion of the quasiparticles scattered by the disorder. At low T  the vast 
majority of these scattering events are elastic, resulting in an increased probability of 
coherent interference of the scattered wave functions. Since these effects arise from the 
interference of the quasi-particle wave functions, they are known as the quantum 
contribution to the conductivity59-61. The quantum contributions are known to result in a 
V r  dependence of <r in three dimensional conductors11-60-62. This singular behavior has 
been understood as arising mainly from an enhancement of the Coulomb interactions.
There are two channels of conduction in which the carriers can interfere. One is 
diffusion interaction channel. In this channel there is an increase in the effective Coulomb 
coupling constant from k  to X(1 + a d), due to the probability that the two quasiparticles 
interact with each other more than once (a d) in a time ft/e, where e is the energy 
difference between two indistinguishable states. The diffusive channel interaction in 
disordered materials gives rise to the square-root singularity at the DOS. This singularity 
is in direct conflict with Landau’s idea that in a Fermi liquid the coulomb interaction 
renormalizes the density of states, but leave it as a smooth function of energy60. The 
Landau theory uses essentially the spatial homogeneity of the system, but the introduction 
of impurities and defects disturbs this homogeneity leading to physical properties different 
from those predicted by Fermi liquid theory. In three dimensions the correction to the 
conductivity in the diffusion interaction channel is given by
(2.18)
16
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where D  = v^Z/3 is the diffusion constant60. This equation includes the contribution from 
the exchange term ^ and the Hartree term 0 / 4  Fa) of the self-energy, where Fa
measures the strength of the electron-electron interaction.
The effect of a magnetic field on the diffusion interaction channel can be understood if 
we consider the total interference amplitude to be composed of spin-singlet and triplet 
amplitudes. In this picture the spin-singlet amplitude is not influenced by the field, 
whereas the states with j  = 1 will be split by gUgH^ (Zeeman splitting). In ferromagnets 
we have exchange forces being introduced with the field acting on each ionic dipole as an 
effective field = Ha + aM, where Ha is the applied magnetic field and aM  is the 
molecular field. This field is proportional to the magnetization (Af), with a  the molecular 
field constant. It is well known that the molecular field in a ferromagnetic material is 
normally very much larger than any realizable applied field. Thus the effect of an external 
field can be amplified by the molecular field increasing the magnitude of the MR63-64.
The precession of the spins in the magnetic field causes the interference probability to 
decrease, effectively cutting off the singularity of the triplet term for gHBHfff>kBT. Thus 
there will be field-dependent and -independent contributions to the conductivity resulting 
in a field and temperature dependence of this contribution of
a  *2 1A ct, = --------- -
' h 4n 2 ( 2 1 9 )
where g3 (A) = jd O . + h + V l« -h | -  2>/fl), Af(ft) = l/(ea - 1), and 
0
h = gfigH^ lk BT  60. g3 has the limiting behavior gj(h) = -Jh - 1.3 for h »  1 and 
g3(/i) = 0.053b2 for h «  I.
These equations demonstrate that in the theory of electron-electron interactions the 
exchange term and j  of the Hartree term are not changed by the magnetic field. Large
17
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magnetic Helds cut off only the part of the singularity associated with the Hartree term, 
those in Eq. 2.16 which include Fa , and the relevant field scale is ~ hD60. In the
diffusion channel the MC can be either negative or positive depending on the sign of 
coupling constant.
The second contribution to MC is the Cooper interaction channel, which is similar 
to diffusion channel, except that we consider the case when the path of one quasiparticle 
is reversed59. That is, one quasiparticle diffuses from B to A (time reversed from A to B 
path). The coupling constant A is replaced by the effective coupling constant 
A = A/(l + A.ln(EF/ kBT)), a typically small change since A «  1. For superconducting 
systems where the effective coupling constant is replaced by l/\n(Tsc/T ) ,  where T$c is
the superconducting critical temperature, and the interaction is attractive, it is found to be 
significant. The magnetic field destroys the time-reversal symmetry, and thus the phase 
coherence necessary for the effect A negative MC is predicted when the Landau orbit size 
becomes comparable to the thermal length, 2eH/ftc > kBT /  D .
At low temperatures the conductivity in disordered systems can also have 
contributions from the weak localization. The weak localization is understood as arising 
from the two series of scattering events during which the phase of the quasiparticles is not 
affected by the scattering. The key point is that these two partial waves will interfere 
constructively, resulting in an increased probability for back-scattering. In three 
dimensions the conductivity increases with temperature as
pzT 'nA<rw, o c l - L _ ^ ,  (2.20)
where q is determined by temperature dependence of the inelastic processes59.
The effect of magnetic field on the weak localization is to induce a phase 
difference in the two scattering series. In this way the magnetic field will destroy the 
coherent back-scattering if the phase difference between the two paths is of the order of tc.
18
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
All trajectories with an area projected onto a plane perpendicular to magnetic field larger 
than IsH = hc/2eH  will have coherent scattering suppressed39. The characteristic field for 
the suppression is set by the phase breaking scattering time x, as H0 = hc/4eDr0. Since
the field cuts off the back-scattering probability, the MC is positive, and in fields H »  H, 
the conductivity has the form39
Aer  ̂= 0 .6 0 5 -^ —- —. (2.21)
2n~h L„
2.4 Magnetization and Magnetic Susceptibility
Magnetic susceptibility (x) and magnetization measurements are very powerful 
probes of the magnetic ground state of the system in question. The temperature 
dependence of the magnetic susceptibility in paramagnetic doped insulators is usually the 
sum of different contributions, ranging from low T  Curie-Weiss form, T  independent 
Pauli susceptibility, to a thermally activated term for Kondo insulators. For these 
materials we write x  as the sum of these three terms
*  = + + (2.22) 
1 *
where C,, C2, 0 W, and Az are Curie constants, the Weiss temperature, and energy gap 
respectively. The first term on the right hand side is the Pauli paramagnetic susceptibility,
6Z = nlg(£F) ’ (2.23)
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where g(ep) is the density of states at Fermi level. For a parabolic band this simplifies to 
g(eF) = m'kF/h 2n 2. Using the expression for Fermi wave vector kF -  (3n2n/ v ')ui Eq. 
2.23 can be written as:
(2.24)
where nc and v' are critical density and the valley degeneracy. It is clear that one can 
estimate the effective mass from this expression. For ferro- or antiferromagnetic materials 
the second term of Eq. 2.22 usually describes the data only at T > Tc or TN (where Tc is 
Curie temperature for ferromagnets and TN is the Nee'l temperature for antiferomagnets). 
The last term of Eq. 2.22 is the thermally activated susceptibility found in intrinsic FeSi. 
The magnetization of a paramagnetic materials is often interpreted as consisting of the 
linear M  (H) of the free carriers added to the magnetization of non-interacting ions given
where 8% is Puali susceptibility, nt is the density of local moments, and Bt is the Brillouin 
function B, (x) = (2J+1 /2J)  coth (2J + 1 /2 J )x - ( l  /2J) coth (1 /2J)x.
Some of the materials under study go through a transition to an itinerant magnetic 
state, such as MnSi. The actual occurence of magnetism in transition metals is considered 
to be associated with the atomic character of d-band and mainly intra-atomic exchange 
interactions. There has been a long on-going discussion of the description of d-electrons 
starting from localized, or itinerant states. Between the 1950s and early 1960s it became 
clear that d-electrons should be treated as localized in magnetic insulators and as correlated 
itinerant electrons in transition metals. The Hartree-Fock approximation (HFA) is often
by
M(H) = SXH+ ̂ gfigJBjigUgH /  kBT), (2.25)
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used for the localized model, while the dynamical HFA or the random-phase 
approximation (RPA) is more appropriate for the itinerant model. Around 1960, Matthias 
et. al. discovered the weakly itinerant ferromagnetic metals ZrZn265, and Scjln66, with 
low Tc (25 K and 6 K respectively) and small magnetization (0.12 pB and 0.04 pB per 
atom respectively). To describe the magnetic behavior of these materials one has to go 
beyond the HF-RPA theory by taking account of the influence of the exchange-enhanced 
spin-fluctuactions on the thermodynamical quantities.
Thus one has to calculate the renormalized thermal equilibrium state and spin 
fluctuactions at the same time in a self-consistent fashion. In other words, one has to deal 
with the mutually coupled modes of spin fluctuactions self-consistently. The quantum 
statistical mechanical theory of self-consistent renormalization (SCR) of spin fluctuations 
was put forth by Moriya and Kawabata67. This theory is an extension of HF-RPA theory 
and its success means that two main streams in the theory of itinerant magnetism have 
rejoined. According to SCR theory magnetization as T  —* Tc has the following 
temperature dependence34
M  oc (7^/3 — T*n )u z . (2.26)
This form can be used to replace the mean field C-W behavior of Eq. 2.22 in magnetic 
materials.
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CHAPTER 3
HALL EFFECT MEASUREMENTS
In this chapter we will discuss the Hall effect measurements of our Fe,.xMnIISi and 
Fe,.yCoySi samples with a special emphasis on helimagnetic Fe,_yCoySi (0.1 < y < 0.3). 
We compare our results with other ferromagnetic compounds and find that Fe,.yCoySi is a 
strongly scattering low charge density metal with an extraordinarily large anomalous low 
THall effect Fe,.yCoySi also differs from other magnetic systems in that the anomalous 
Hall constant (Rs) is nearly temperature independent below Ta
3.1 Introduction
There has been a recent renewal of interest in the magnetic field dependent 
transport properties of materials for application in magnetoelectronics. Most of the 
attention has focused on the magnetoresistive (MR) materials such as the giant MR 
superlattices6, the colossal MR manganites1-3, as well as several other materials5*9* 10. A 
second method for producing magnetic field sensitive devices that has been ignored is the 
Hall effect. In this chapter we report on an exploration of a chemical substitutions 
between monosilicides MnSi, FeSi and CoSi, chosen because this dilution series is 
known to include semiconducting, itinerant magnetic, and heavy fermion ground states32* 
33. 38 We have investigated the transport and magnetic behavior across these transition 
metal silicide series which we find continuously evolves from a classic weak itinerant 
magnet, to a metallic paramagnet, to a Kondo (or strongly correlated) insulator, and 
finally a magnetic heavy fermion33 all without a change in the crystal structure. This has 
allowed us to systematically examine the effect of magnetism, carrier density (n), and 
scattering rates on the Hall resistivity.
3.2 Results
Our high field Hall effect data demonstrate that even at the relatively high Co 
substitution of 0.1 < x  < 0.3 each impurity donates one electron per added Co (see Fig.
22
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1.1 (d». Similarly one hole is doped into FeSi for each Mn substitution for Fe and Al32 
substitution for Si in FeSi. The Al data is included here for comparison purposes (see 
Figs. 1.1 (d) and 3.1). Thus, at low doping, Mn like Al, inserts holes at the same rate 
into the valence band o f FeSi. Figures 3.2 and 3.3 show the ordinary Hall coefficient as 
function of temperature for Co and Mn concentration respectively. MnSi data is also 
shown in Fig. 3.2 as comparison to Co data. It is clear in the figure that for both Co 
doped FeSi and MnSi R0 increases as T  is increased and reaches maximum at about Tc. 
This maximum is most likely associated to the difficulty of separating Rs from R0 at the 
vicinity of Tc. In the case of low Mn concentration in FeSi we observe that R0 changes 
sign from positive (holes) to negative (electrons) as T  is increased (see Fig. 3.3). This 
shows that the high temperature conductivity is dominated by the thermally activated 
carriers consistent with the behavior of doped semiconductor like FeSi as T  —» AE (energy 
gap).
Our main result of a large Hall resistivity (pzy) as a function of H  in Co and Mn 
doped FeSi can be seen in Figs. 3.4 (a), 3.5 (a), 3.6, and 3.7 (nonmagnetic Fe,.IMnISi 
samples). In particular Fig. 3.6 (a) shows the low field part of p zy, while Fig. 3.5 (a) 
shows p zy vs H  up to 32 T at different temperatures for our Fe07Co03Si sample. As is 
common for ferromagnets at T  below the Curie temperature (Tc) piy has roughly the same 
H  dependence as M  (see Figs. 3.4 (b) and 3.5 (b))42. Fig. 3.6 (a) shows that p ,y has a 
large linear dependence below about 2 kG and then saturates at the same H  where M 
saturates. Beyond 2 kG pxy becomes much less H  dependent. At these high fields p xy has 
the usual dependence on n and H, pv  = H /  nec in its simplest form. For H  less than 2 
kG, is proportional to M  and the anomalous contribution dominates (see Eq. 2.S)42.
For comparison we have plotted p xy and M for our MnSi and Fe0 ,Mn0 ,Si along 
with Fe,.yCoySi samples in Figs. 3.4 (a) and (b) respectively. It is apparent from the 
figure that although M  has the same order of magnitude with comparable H  dependence, 
the Hall effect is vastly different in these compounds. In fact, there is a difference of a
23
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Fig. 3.1 Charge density at 4 K vs. nominal Mn and Al concentrations for Fe^Mi^Si and
FeSi,.zAlz.
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Fig. 3.2 Ordinary Hall coefficient (R0) vs Temperature for Fe,.yCoySi and MnSi samples 
with symbols noted in the figure.
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Fig. 3.3 Ordinary Hall coefficient (R0) vs. Temperature for Fe^Mn^Si in the range of 
concentration 0.01 < x  < 0.08.
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factor of 150 between the low H  pxy of the Fe09Co0 ,Si and Fe0 ,Mn09Si samples. We 
have chosen to compare these two samples in detail since they have the same crystal 
structure, the same level of chemical substitution, and helimagnetic ground states with Tc 
= 10 K. A further comparison is shown in Figs. 3.8 (a) and (b) where we present the 
zero field resistivity (p„) and magnetic susceptibility (%) at 50 G. Again the magnetic 
properties of these samples appear to be similar, yet the transport is very different. In fact, 
our Fe09Co0 lSi sample is 9 times more resistive than the Fe0 ,Mn09Si sample and nearly 
20 times more resistive than MnSi.
The qualitative difference in pu  can be understood by comparing the properties of 
the nominally pure compounds FeSi and MnSi. FeSi is a nomagnetic band insulator with 
a 60 eV gap28 while MnSi is a classic helimagnetic metal with a Tc of 30 K (Fig. 1.1
(a))34. The result is that Fe09Co0 ,Si has 9 times fewer carriers than Fe0 ,Mn0 ,Si which is 
reflected both in the high H  pxy and p „ . In fact, the low temperature Hall mobility (fiH — 
R0/ p„) (Fig. 1.1 (e»  is very similar for these two compounds and shows no systematic 
dependence on x  and y, a surprising conclusion given that the Dnide model predicts nH = 
m' / e x and the ground state properties change drastically across this series. This makes 
our comparison particularly instructive since n alone seems to be responsible for the 
difference in p„  and the high field piy.
As we have pointed out (see Eq. 2.8), the Hall effect in magnetic materials has two 
contributions, one proportional to H, the second determined by M(H)42. Since the 
saturation magnetization Mg of the Fe0JMna9Si sample is -  3.5 times larger than Afs of 
Fe0 9Co0 ,Si sample, Rs of these two compounds differ by a factor of -  500 (see Figs. 3.6
(b) and 3.11). The accepted theory of the anomalous Hall effect relies on the SO coupling 
between the carrier and the lattice which produces a left-right asymmetry in the 
scattering42. Since p „  of our x  = 0.9 and y  = 0.1 samples differ by a factor of -  9 neither 
of the mechanisms describe by Eq. 2.10 can account for the difference in Rs that we
27
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measure. The only way to make this theory compatible to our data is to assume that only 
1/6 of p„  in Fe0 jMn^Si (only 1/20 for MnSi) should be included in our analysis. We 
would have to assume that even though the scattering rates in these materials are similar, 
the scattering in Fe09Co0,Si is much more effective in producing a perpendicular current 
A second option would be to assign a much larger k  to Fe,.yCoySi samples than the Fe,. 
xMnxSi samples due to an incompletely quenched orbital moment in Fe,.yCoySi as is 
generally the case for Co2* ions. However, there is a little support in polarized neutron 
diffraction, ESR, or Co59 NMR measurements for orbital moment in Fe,.yCoySi to 
account for a large increase in A.37*68' 70. The difference in Rs may be another indication 
of difference in polarization of the electron gases (80% for Fe09Co0,Si and 20% for 
Fe0 ,Mn09Si) to be discussed in chapter 4.
It is useful for comparison purposes to present p xy and Rs of Fe,.yCoySi and Fe,. 
xMnxSi with other materials both magnetic and paramagnetic as we have done in Figs.3.9, 
3.10 and 3.11. In Figs. 3.9 and 3.10 we plotted p xy of a large number o f materials at lkG 
and low temperature vs charge density and p xx respectively in order to compare 
magnitudes of the Hall voltage for similar geometry samples. As is well known and 
apparent in the figures, very large Hall effects result from making semiconductors 
intrinsic and thus reducing n. However, unlike semiconductors, magnetic materials have 
large pxy (as much as few pQ cm) while maintaining metallic n and p „ .  In fact, our Fe,. 
yCoySi samples have p xy similar to nonmagnetic semiconductors with a factor of 250 
times smaller n while retaining pxx 5 to 20 times smaller than these clean crystalline 
semiconductors. Our Fe,.yCoySi samples have the largest pxy measured at 4 K for metallic 
(poly)crystalline ferromagnets without dilution in their insulating host.
Further comparison is made in Fig. 3.11 where Rs is plotted as a function of pu . It is 
clear from the locus of points from dilute Ni and Fe alloys71 that Fe,.yCoySi is an 
extension of the Rs p2xx behavior to larger p xx, while MnSi and Fe0 ,Mno9Si seem out 
of place. In fact, MnSi seems unusual in this plot in that it does not lie within the locus of
28
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Fig. 3.4. Comparison of Fe09Co01Si, FeOIMnOISi, and MnSi. (a) Hall resistivity (E / J x) 
at temperatures labeled in the figure vs. fleld . (b) Magnetization vs. field (symbols the 
same as in (a)).
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Fig. 3.S. (a) Hall resistivity and (b) magnetization of Fe07Co03Si vs. field.
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3.6. Comparison of Fe, CoySi, Fe0 ,Mn09Si, and MnSi. (a) Hall resistivity vs. field of 
Fe,.yCoySi samples at 5 K showing a linear in H  of low field Hall effect (symbols the 
same as in (b). (b)) Anomalous Hall coefficient (Rs) vs. T (symbols as in the figure). 
Arrows identify transition temperature (Tc).
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Fig. 3.7 Hall resistivity vs. magnetic field for Fe^Mn^Si (a) x  = 0.01 and (b) x  = 0.04 
respectively at different temperatures as labeled in the figure.
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Fig. 3.8. Comparison of Fe09Co0 ,Si, Fe0 ,Mn09Si, and MnSi. (a) Resistivity at zero field 
and (b) Magnetic susceptibility at 50 G (symbols the same as (a)) vs. T  (K).
33
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
points for the dilute metal alloys. It is usually assumed that in these dilute alloys the 
majority of the scattering at low T  results from SO scattering from impurities, and in turn 
large Rs results from these scattering. Since Rs in Fe,.yCoySi extends this dependence to 
larger p xx we conclude that nearly all scattering in Fe,.yCoySi involves SO scattering, 
while in MnSi the majority of scattering events do not include an asymmetric scattering.
One further difference that our Fe,.yCoySi samples have with the more common 
ferromagnetic systems in Fig. 3.11, lies in the T  dependence of Rs. For nearly all of these 
materials, including MnSi and Fe0,Mn09Si, Rs decrease substantially below Tc12. 
However, our Fe,.yCoySi samples show little variation of Rs below Tc (see Fig. 3.6 (b)) 
perhaps due to the relative T independence of p xx (Fig. 3.8 (a)). In clean metals the 
scattering of carriers from magnetic fluctuations near Tc accounts for a large fraction of 
the scattering rate. As T  is lowered these fluctuations freeze out resulting in a T2 
dependent p xx (see Eq. 2.12). Although MnSi and Fe0 lMn09Si follow these behavior 
accurately, it doesn’t seem to be the case in Fe,_yCoySi.
3.3 Conclusions
Although our materials are not suitable for technology, our data, as well as recent 
investigations of La,.xCaxCo0383 and La,_xSrxM n0382, suggest that doping of anomalous 
insulators such as Kondo, Mott-Hubbard, and charge transfer insulators can often lead to 
magnetic metals with large Hall effects. Our comparison of Fe,.yCoySi and Fe,.xMnxSi 
reveals that simple models to predict the size of pxy from M  and p xx are not complete, and 
thus a true exploration of likely materials is necessary. We hope that our data will 
motivate such investigations since it suggests that this anomalous Hall effect need not be 
strongly T dependent, can be large in materials with a few hundred p£2cm resistivity, and 
has a linear field dependence in helimagnets, or soft magnets.
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Fig. 3.9. Hall effect of paramagnetic metals, insulators, and ferromagnetic metals at 1 kG 
at low temperature (~ 5 K) vs carrier concentration (n) (symbols as in Fig. 3.10. Solid
line represents pxy = H/nec  Drude model.
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Fig. 3.10. Hall effect of paramagnetic metals , insulators, and ferromagnetic metals at 1 
kG and low temperature (~ S K) vs resistivity (p„) (symbols as in the figure). References 
for the following: Si alloys73, Ge alloys74* 75, Cd0 92Mn008Te76, Co0 72Gd015Mn0,77, Ni 
alloys71, Fe alloys71, FeCP78, Fe05Au0379, (NiFe)1(SiO)I.E80, Fe.Pt,
^ O o tG cIo i j A U o i 77 .
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Fig. 3.11. Anomalous Hall constant (Rs) vs. resistivity (p„> at 5 K (symbols as in Fig. 
3.10).
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CHAPTER 4
FE, YC O vSI AND MNSI: MAGNETIC AND TRANSPORT
MEASUREMENTS
In this chapter we will compare the magnetic and transport properties of the 
helimagnetic metals MnSi and Fe,.yCoySi (0.1 < y  < 0.3). We have discovered 
qualitatively different magnetotransport for the low carrier density ferromagnet produced 
by modest doping o f FeSi by Co.
4.1 Introduction
The desire to maximize the sensitivity of read/write heads and thus the information 
density of magnetic storage devices has produced an intense interest in the 
magnetoresistance (MR) of magnetic materials. Recent discoveries include “colossal” MR 
of the manganites1'3 and the enhanced MR of low carrier density ferromagnets84. In the 
low carrier density systems investigated to date as well as manganites, a key feature is that 
the electrical conduction is due to a different set of electrons than those responsible for 
magnetism. To the extent that an external field reduces the disorder among the local spins, 
the scattering will be reduced, resulting in a negative MR. The MR is especially 
pronounced when the ordering tendency of an external field is high, such as near a para- 
ferromagnetic (Curie) transition and can be further boosted by electron-phonon coupling. 
In this chapter we describe a new mechanism for MR which obtains in low carrier density 
magnets where magnetism as well as the electrical conduction are due to the same 
electrons. The MR is very different from that seen when conduction electrons and ordered 
moments can be treated separately - it is positive and only weakly temperature-dependent 
below the Curie point.
The oxides of manganese that are famous for high MR are, like the high- 
temperature superconductors, derived from chemical doping of insulators which are also 
magnetically ordered. Thus, the local moments which order in the doped materials already
38
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manifest themselves in the insulator, with the result that to first order, metallicity and 
magnetism are independent properties84. To search for a different types of MR, one needs 
to consider compounds where the insulating parent is non-magnetic, a requirement which 
is met by many ubiquitous semiconductors such as Si and Ge. In addition though, the 
parent should have a strong electron-electron interactions so that magnetism appears 
readily upon doping. Insulators which satisfy this criterion are referred to as strongly 
correlated, or Kondo insulators of which FeSi is one of the simplest26.
4.2 Susceptibility and Magnetization Measurements
We plot in Fig. 4.1 magnetic susceptibility at 0.005 T as a function of T /  Tc for 
several Fe,_yCoySi samples noted in the figure. These are compared to the classic 
helimagnetic compounds MnSi and Fe01Mn09Si samples. For x  < 0.1 our samples are 
non-magnetic. These data all show a peak at about Tc associated with the magnetic 
transition 40. Above Tc the data obey a standard Curie-Weiss law ( C / T  - Qw) with Qw > 
0. We show in Fig. 4.2 the temperature dependence of magnetization at H  = 1 T for Fe,. 
yCoySi, MnSi, and Fe0 ,Mn09Si. The solid lines through the data are the best fits to 
Moriya’s theory of itinerant magnetism (see Eq. 2.26). The agreement shows that this 
standard theory is well observed below Tc.
The field dependence of magnetization M is shown in Figs. 4.3,4 .4 ,4 .5 , and 4.6 
for MnSi, Fe0 ,Mn09Si, Fe09Co0 ,Si (field up to 32T), and Fe085Co0 ,sSi (showing both 
negative and positive field and also normalized per Co concentration) respectively. The 
form of M  (H) is standard for helimagnetic (or ferromagnetic) materials. The saturated 
value of Af at low T  and high H  gives the value of the spontaneous magnetization (Ps) 
that develops below Ta  It is a standard practice to compare this value to the moment 
determined from the Curie-Weiss like behavior of the magnetic susceptibility above Tc 
(Pc) (C = N0 n B2 PJPc  + 2) / 3  kB)&s. The ratio of these two quantities (Pc / P s) for a 
local moment magnet such as Gd or EuO, is close to 1, while for itinerant magnets this 
ratio diverges as Ps —> 0 or Tc —» 034. Here we find values of Pc / Ps between 4 and 9
39
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Fig. 4.1 Magnetic susceptibility at H = 0.005 T vs. T / T c for several samples noted in the 
figure.
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Fig. 4.2 Magnetization vs. temperature for the samples noted in the figure. Solid lines are 
the best fits to Eq. 2.26.
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Fig. 4.3 Magnetic field dependence of magnetization for MnSi at the temperatures noted 
in the figure.
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Fig. 4.4 Magnetic field dependence of magnetization for Fe0 ,Mn0,Si at the temperatures 
noted in the figure.
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Fig. 4.5 Magnetic field dependence of magnetization for Fe0,Co0 ,Si at the temperatures 
noted in the figure.
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(see Fig. 4.8 (a» putting these materials well into the itinerant regime37* 86. Being 
itinerant, we can establish the degree of carrier spin polarization simply by comparing Ps 
to the expected value when all of the carriers are polarized. The value of Ps for our 
samples shown in Fig. 4.8 (b) and apparent in Fig. 4.6 is consistent with at least 90% of 
a spin 1/2 per itinerant carrier for the Co samples, while for MnSi and Fe^M n^Si it is 
less than 50%. In Fig. 4.7 we show the low field M  revealing a hysteretic form as 
expected for helimagnetic materials 36. For fields above 2 kG the spins are aligned in a 
single domain FM state. The picture that emerges is that while MnSi and Fe^M n^Si 
have magnetization that are common to weak itinerant ferromagnets, Fe,.yCoySi is a 
weak itinerant ferromagnet with a small density of carriers that are completely, or nearly 
completely spin polarized at low T.
4.3 Resistivity and Magnetoresistance Measurements
The standard T  dependence of p for weak itinerant ferromagnetic metals is displayed 
by MnSi (see Fig. 4.9 (a)), and Fe01Mn09Si (see Fig. 4.10 (a)). This is typified by a 
peak in zero field d p /d T  at Tc due to carrier scattering from spin fluctuations (see Figs. 
4.9 and 4.11 for MnSi)38*87. The solid line is the best fit to Eqs. 2.14 and 2.15 which 
reproduce the data quite well with r\ = q ' = 0.1 and A /A '=  0.17. In Fig. 4.12 we plot 
our MnSi data below Tc as a function of T* to compare with the standard behavior of 
itinerant magnets. The solid lines through the data are the best fits to Eq. 2.12 with B(H) 
~ 0.022, 0.021, 0.017, and 0.015 p fi cm K'2 for H — 0 ,1 , 3, and 5 T respectively and 
p0 ~ 25 pQ cm. The scattering is suppressed by the application of external magnetic field 
resulting in the MR shown in Fig. 4.9 (b) for MnSi and Fig. 4.10 (b) for Fe0 ,Mn0,Si88. 
Here a strong negative MR (over 20% for MnSi and over 11% for Fe^M n^Si) is 
displayed in proximity to Tc. The field dependence of MR for MnSi is shown in Fig.
4.13 where again we see that the largest MR occurs in proximity toT^
None of this typical behavior is demonstrated by our Fe,.yCoySi samples. The 
resistivity in zero field is displayed in Figs. 4.14,4.15 (a), 4.16 (a) for our different
46
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Fig. 4.7 Low field magnetization hysterisis plot for Fe0g5Co015Si.
47
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Tc (K)







Fig. 4.8 (a) The ratio of spontaneous magnetization (Pg) to the magnetic moment (Pc) vs. 
temperature for Fe,.yCoySi (y = 0.1, 0.15, 0.2, and 0.3), Fe0 lMn09Si, and MnSi. (b) 
The spontaneous magnetization (Ps) vs. nominal Co concentration. The solid line 
represent complete spin polarization.
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samples noted in the figures, p o f our Fe,.yCoySi samples are order of magnitude larger 
than that of our MnSi sample and shows a strong upturn as T  is lowered below 7C35. 
Furthermore, magnetic field does not suppress this effect, but in fact enhances it. The 
single crystal data (y = 0.2) demonstrates that the MR is not the result of grain boundary 
scattering and that the effect is enhanced as the sample disorder is increased or the carrier 
density is decreased (see Fig. 4.19 (a)). The MR shown in Figs. 4.15 (b), 4.16 (b) and
4.17 can be as large as 10% near Tc and falls off gradually below this temperature. The 
effect grows with proximity to the MI transition with our 10% Co sample (see Fig. 4.17 
(b)) having the largest MR (10%) at 4 K in 5 T.
The variation of the MR with field is shown in Fig. 4.18 where both the transverse 
and longitudinal MR are presented for y  = 0. 15 polycrystalline sample and Fig. 4.19 for 
they = 0.1,0.2, and 0.3 samples for the fields up to 32 T. The data displayed in Fig.
4.18 shows that at low fields and low T  the longitudinal MR is negative, most likely due 
to the anomalous MR common to ferromagnets42. This MR results from strong spin-orbit 
coupling in much the same way as the anomalous Hall effect and is dependent on the 
orientation of M  and J  (the current density). After the subtraction of the low field 
anisotropic MR there are only slight differences between the transverse and longitudinal 
MR. Thus, we conclude that there is a little contamination of our data from an ordinary 
Lorentz MR which is anisotropic and depend on the orientation of J  and B. The 
symmetry of our MR data about zero field shows that there is little contamination from the 
Hall effect.
Our Fe,.yCoySi samples have a large positive MR that is not associated with an orbital 
(Lorentz) MR nor with the scattering from spin fluctuations as in MnSi. This leaves 
coupling to the bulk electron spins as the most likely cause of the anomalous MR. Fig. 
4.20 (a) and (b), and Fig. 4.21 give crucial hints about the microscopic origin of our 
observations. First o  is T  and H  dependent down to the lowest temperatures measured 
(200 mK). Furthermore, a  for H — 0 is well described by a V t  dependence which is a
49
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Fig. 4.9 (a) Temperature dependence of resistivity for MnSi at various fields noted in the 
figure, (b) Temperature dependence of magnetoresistivity Ap / p (%) = (p(T.H) - 
p(T,0)) / p(T,0) for MnSi at the same fields (symbols are the same as in (a».
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Fig. 4.10 Temperature dependence of resistivity for Fe^M n^Si at the fields noted in the 
figure, (b) Temperature dependence of magnetoresistivity for Fe01Mn09Si at the same 
fields (symbols are the same as in (a».
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Fig. 4.11 Derivative of resistivity vs. temperature for MnSi. Solid line is the best fit to 
Eqs. 2.14 and 2.15.
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Fig. 4.12 Temperature squared dependence of resistivity for MnSi (T  < Tc) at fields noted 
in the figure. The solid lines are the best fits to Eq. 2.12.
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Fig. 4.13 Magnetic field dependence of the magnetoresistivity at temperatures noted in the 
Figure.
54
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
common form for disordered conductors (see Fig. 4.21), while for large H, a  (H.T) 
approaches a 4 H  asymptote (see Fig. 4.20 (b)).
In classic paramagnetic materials, theory has predicted and exhaustive experiments 
have shown that near the MI transition ( kF£ -  1) the Coulomb interactions between 
carriers are enhanced by the diffusive nature of the transport (e-e interactions)1 *•59- 601 64- 
89. The enhancement results from the finite probability for two carriers to interact more 
than once within a phase-breaking scattering time60. As such, the scattering amplitudes 
interfere coherently leading to an increased Coulomb coupling and a square-root 
singularity in the electronic density of states (DOS) at the Fermi energy. The resulting a  
(H,T), which measures the energy dependent DOS either thermally or via the Zeeman 
effect, has square-root T  and H  dependences (see Eq. 2.19)59-60.
Our previous experiments on FeSi,.zAlz have clearly demonstrated that this e-e 
interaction dominates the low T  transport32, and that the associated parameters are 
reasonable. For comparison we have included in Fig. 4.20 (a) and (b) our data for 
FeSi095Al005 and Fe092MnoogSi which have similar n and o, but remain paramagnetic at 
low T. We can see that the T  dependence of these samples is similar in form. Indeed, for 
H = 9 T, a field chosen to be well above that required to saturate M  up to high 
temperatures in Fe,.yCoySi, the prefactors of the -JT term are actually within 30% of each 
other for the very different dopants. The field dependences are also similar in form, 
approaching asymptotes proportional to V77, although the amplitudes of the asymptotes 
are somewhat more diverse, but still remain within factors of three of each other for the 
different dopants. Given the similarities between the data for paramagnetic Al- and Mn- 
doped FeSi and ferromagnetic Fe,.yCoySi, and because parameters found in the detailed 
comparison between theory and experiment for FeSi^A^ are reasonable, we can attribute 
the low temperature magnetotransport in Fe,.yCoySi to electron-electron interactions in a 
disordered system. Because Fe,.yCoySi is, to our knowledge, the first ordered FM for 
which -Jt  and 4 H  terms are present, no theory is presently available for ferromagnets.
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Fig. 4.14 Zero field resistivity vs. T / T c for the Fe,.yCoySi samples noted in the figure.
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Fig. 4.15 Fe0JCo02Si (a) resistivity, and (b) magnetoresistivity vs. temperature (symbols 
in (a) are the same as in (b)).
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Fig. 4.16 Fe0 7Co0JSi (a) resistivity, and (b) magnetoresistance vs. temperature (symbols 
in (a) are the same as in (b)).
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Fig. 4.17 Fe,.yCoySi magnetoresistivity at (a) 0.8 T, and (b) 5 T vs. T /T c.
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Fig. 4.18 Fe0gsCo0 lsSi transverse and longitudinal magnetoresistivity at the temperatures 
noted in the figure.
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Fig. 4.19 (a) Fc,.JZoLSi magnetoresistivity vs. field at T -  5K for y  = 0.1, 0.2 (single 
crystal), and 0.3. (b) Fe0,Co0 ISi magnetoresistivity vs. field at temperatures noted in the 
figure.
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Such theory clearly needs to account for what happens near H — 0, especially as T  
increases through Tc. Even so, it seems reasonable to believe that the key difference 
between para- and ferromagnets is simply that for a FM, in addition to the external field, 
there is a large spontaneous field due to the ordered moment. Thus, the effective field is 
really = / /  + aM  rather than H  alone. One can then imagine that for a ferromagnet, 
one should simply insert where H  appears in the expression for a  (H,T) derived for
disordered paramagnets with electron-electron interactions (see Eq. 2.19). Examining 
Eq. 2.19 one can write it in the simple form as ( a - a 0)/* J f  = /  T) and f is the
scaling function whose limiting form is ( H ^ / T f  forgfi8H ^  / kBT  « 1  and / T  for 
gHBHtff/k BT »  159. 60.
We have checked whether the scaling theory posited for the ferromagnets works for 
ferromagnetic Fe,.yCoySi. Fig. 4.20 ( c ) shows the outcome, where we have plotted all 
of our T and field dependent data below 100 K for the y = 0.3 sample in the form (a -  
Oq) v s  H'fi/ T with a  = 1900 and o0 = 4400 (£2 cm)'1 chosen to minimize the difference 
of the data from a piecewise linear form. Note that o0 represents the zero zero T 
conductivity shown in the inset of Fig. 4.20 (c). It is gratifying that the data scale so well 
and result in a ( H ^ /  T f  form for Htff/  T < 0.25 T / K (dashed line in the figure) and a 
(Heg/  T)tn form for H ^ /  T > 0.25 T / K (solid line in the figure). The data for the y = 0.1 
, 0.15, and 0.20 samples scale equally well (see Figs. 4.21, 4.22, and 4.23) with the 
scaling parameters noted in each figure. The zero field and 5 T o  of the y = 0.3 sample, 
along with the fits to these simple forms is shown in the inset to Fig. 4.20 (c). We 
conclude from the quality of both the scaling and the fits that, outside the small low-field 
effects of spin-orbit coupling, the field and T-dependent conductivity up to 100 K is 
entirely determined by a square-root singularity in the DOS most likely associated with 
enhanced e-e interactions in the disordered low density FM.
To understand the origin of the temperature dependence of o  and the MR of our Co 
doped samples it is sufficient to make a simple extension of the e-e interaction theory for
62
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paramagnets. The usual picture of a disordered metal with diffusive transport outlined 
above and detailed in chapter 2 includes a square-root magnetic field dependence of a. 
This dependence can be understood as arising from the triplet channel of the interaction. 
Since a field splits the spin sub-bands the singular contributions from the triplet channel 
split off from the Fermi energy by 64. If we simply extend this idea into the FM
regime these square-root singularities will be separated from the Fermi energy by an 
amount determined by the magnetization of the ferromagnetic state. As the temperature is 
lowered below Tc these singularities move out from the Fermi energy in proportion to the 
spontaneous M of the material. The MC of our Fe,.yCoySi samples is thus determined by 
these singularities along with T  and applied magnetic field.
4.4 C onclusions
In summary, we have measured the magnetic field and temperature dependence of a  and 
M in the alloy series varying from much studied metallic ferromagnet MnSi, through the 
strongly correlated (Kondo) insulator FeSi, to the diamagnetic metal CoSi. We observe a 
large negative magnetoresistance {leaking sharply near the Curie temperature in MnSi. We 
discovered quantitatively different magnetotransport for the low carrier density 
ferromagnet produced by modest doping of FeSi by Co. Here, magnetoresistance is not 
only positive, but remains essentially temperature independent below Curie temperature. 
It is thus not due to spin scattering effects responsible for most magnetoresistive 
phenomena of current interest. Instead, our data suggest that the magnetoconductivity in 
ferromagnetic Fe,.yCoySi, and because parameters found in the detailed comparison 
between theory and experiment for FeSi,.zAlz are reasonable, we can attribute the low 
temperature magnetotransport in Fe,.yCoySi to eiectron-electron interactions in a 
disordered system. Because Fe,.yCoySi is, to our knowledge, the first ordered FM for 
which 'JT  and V77 terms are present, no theory is presently available for ferromagnets.1*
* Part of this chapter has been published in Nature.
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[H +aM] /  T (T/K)
Fig. 4.20 (a) Magnetoconductivity of Fe09Co0ISi, FeSi0 95Al0 05, and Fe092Mn008Si.
Change in conductivity, Act = a(H,T) - a(H,0) with o(H,0) determined from fits of the
data to a T,n dependence, vs. T,n at 9T. ct(0,0) = 1910, 1260, and 1540 (£2cm)‘ for
Fe09Co0 ,Si, FeSi09JAl005, and Fe092Mn008Si respectively, (b) Act = a(H,T) - ct(0,7) vs. 
H,n at 0.25 K. Symbols represent the same samples as in (a), (c) Scaling plot of the
conductivity, [ct - ct„] / Tm vs. H ^ l  T, for Fe0 7Co0 3Si, with taken as H  + aM  and
with ct0 and a  determined by the best scaling of all our T  and H  dependent data. The data
shown include temperature sweeps at constant fields of 0 (0.2 to 100 K, teal o), 0.8 T (2
to 100 K, light-blue •), 3 T (2 to 100 K, dark-blue >), and 5 T (2 to 100 K, green +), as 
well as constant temperature field sweeps at temperatures of 0.3 K (0 to 9T, dark-blue
□), 1.2 K (0 to 32 T, black <), 1.5 K (0 to 9 T, purple ©), 4 K (0 to 32 T, orange 0), 5
K (0 to 5 T, yellow-green *), 15 K (0 to 5 T, yellow x), and 30 K (0 to 5 T, violet A; and
0 to 32 T, red V). Light-blue dashed line represents a fit to the data for H ^  /  T  < 0.25 by 
a a + b (H ~ /T )2 form. Solid red line represents a fit to the data for H ^ / T  > 0.25 by a c 
+ d (Heff/T ) ,n form. Inset: Red line and dashed light-blue line represent the same fits as 
in the main part of the figure. The dashed purple line represents the zero conductivity
in our model. Light-blue * represents ct0, the zero T, zero magnetic field value of the 
conductivity determined from the scaling of the data.
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t ' /2 (K»'2)
Fig. 4.21 The change in the conductivity (o  - a 0) for two Fe,.yCoySi samples plotted as a 
function of T l/2 with y = 0.1 and y = 0.2 at zero field.
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H +«M / T (C/K)
Fig. 4.22 Scaling plot of the conductivity (a  - a<)/ T,n vs. Heff/  T, for Fe0 9Co0 ,Si, with
Heff = H + aM  and with a 0 and a  determined by the best scaling of all our T  and H 
dependent data. Dashed line represents a fit to the data for < 0.25 by a +b
T) form. Solid line represents a fit to the data for Hrff/  T  > 0.25 by c +d T)in form.
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H +aM / T (G/K)
Fig. 4.23 Scaling plot of the conductivity ftr- a0) /  Tl/2 vs. H ^ / T ,  for Fe0gJCo015Si,
with Htff = H  + c&Vf and with o0 and a  determined by the best scaling of all our T  and H  
dependent data. Dashed line represents a fit to the data for Ht„ /  T < 0.25 by a +b (Heff/  
T f  form. Solid line represents a fit to the data for H ^ /  T  > 0.25 by c +d(Htff/  T)m form.
67

















H +oM / T (G/K)
Fig. 4.24 Scaling plot of the conductivity (a  - Og) /  T,n vs. Htff/  T, for Fe0 gCo0 2Si, with
Heff = H + cxM and with aQ and a  determined by the best scaling of all our T  and H  
dependent data. Dashed line represents a fit to the data for H ~ / T  < 0.25 by a +b 
T)~ form. Solid line represents a fit to the data for > 0.25 by c +d (Htff/T ) in for
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CHAPTER 5
FE1XMNXSI: MAGNETIC AND TRANSPORT MEASUREMENTS
In this chapter we will be comparing the magnetic and transport properties of Fe,. 
„MnxSi and FeSil zAlz in the concentration range (0 < x, z < 0.08).
5.1 Introduction
Insulator-to-metal transitions in lightly doped semiconductors have been a central 
problem in condensed matter physics for many years. A large number of investigations in 
common semiconductors such as Si, Ge, or GaAs have shown that the disorder and 
electron-electron (e-e) interactions determine the electronic and magnetic properties of 
these systems n - 55- 60- 62- *9. It is now well established that near the metal-insulator 
transition the diffusive nature of the carrier transport strengthens the Coulomb interaction 
among quasi-particles11- 60. Recently it has been shown that the correlations can be 
further enhanced by the addition of elemental dopants containing partially filled d or f 
shells. The impurity magnetic moments produce a local electron polarization that leads to 
greatly enhanced exchange interactions64- 90. These latter systems, such as n-type 
Cd^jMnoojSe and p-type Hg0915 Mn00g3Te91 •92 are often referred to as diluted magnetic 
semiconductors (DMS). In fact, the strong Coulomb interactions are found to stabilize the 
insulating phase in these materials through the formation of bound magnetic polarons 
(BMP) or ferromagnetic clouds. The formation of BMP reduces the conductivity below 
that associated with the singularity in the density of states (DOS) caused by e-e 
interactions91. The magnetic polarons can be unbound by the application of moderate 
magnetic fields resulting in a more standard MI transition. Thus at zero field the 
continuous MI transition is delayed by the strongly localizing effect of carrier interaction 
with localized moments on the impurity atoms.
In this chapter we describe an exploration of the effect of Mn substitution for Fe in 
the strongly correlated or Kondo insulator FeSi. We find as is true for FeSi,.zAlz, that the
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doping yields a paramagnetic metal with roughly a single hole carrier per dopant. In the 
case of A1 substitution for Si in FeSi (FeSi,_zAlz) we found that the metal that results is 
very similar to Si doped just beyond MI transition except that the quasi-particle mass is 
greatly enhanced32. When we substitute on the transition metal site (Fe,.xMnxSi) the 
difference in the number of d electrons in Fe and Mn is responsible for the carrier doping 
and results in an even larger carrier mass. In addition, we find that the transition from an 
insulator to a metal is delayed by a localization of the carriers at low temperatures. This 
weakly insulating state is characterized by a decrease in the conductivity (o) and thus an 
increase in the critical concentration for true metallic behavior. The more standard 
behavior exhibited by FeSi,.yAly can be established in Fe,_xMnxSi simply by applying a 
moderate magnetic field. In this sense our data suggest that just as FeSi,.zAlz represents a 
renormalized version of Si:P32, Fe,.zMnzSi represents a renormalized version of n-Cd,. 
xMnxSe91, or Ga,_xMnxAs93*95 where the strong Coulomb interactions result in the 
formation of bound magnetic polarons (BMP) near the MI transition. Thus we have 
identified a Heavy Fermion DMS that results upon carrier doping of a Kondo insulator.
5.2 Susceptibility and Magnetization Measurements
We plot in Fig. 5.1 magnetic susceptibility (x ) at 1 kG for our several Fe,.xMnxSi 
samples noted in the figure. There are systematic changes to x  with doping. This includes 
the addition of a T  independent offset and an increased Curie-Weiss like tail at low T to 
the x of pure FeSi. Despite the fact that pure MnSi and Fe,.yCoySi are itinerant magnets 
we find, just as in FeSi,.zAlz, no evidence for a magnetic phase transition for x  < 0.8. In 
fact, we find no peaks or discontinuities in x(7 ) down to T — 1.7 K in fields as small as 
50 G. However, at T < 10 K there is a small hysterisis below 100 G that grows by ~ 
30% as T  is lowered (see Fig 5.2 (b)). This demonstrates that there may be frustration of 
the impurity spins. Fig 5.3 shows the remanent magnetization for a metallic 
Fe097Mn003Si samples which could be considered further as the evidence of the 
possibility of spin glass like behavior96. However, the magnetic moment associated with
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this glasssy behavior is extremely small -  10“* m, / FU (see Fig. 5.2). Thus only a small 
number of impurity spins participate in this glassy behavior. The remanent magnetization 
depends in a detailed way on the magnetic history of the sample. The isothermal remanent 
magnetization (IRM) is obtained by first cooling in zero field to the desired temperature to 
be studied, then a field of a chosen strength is applied for a macroscopic period of time 
and then switched off again. To obtain the thermo-remanent magnetization (TRM), on the 
other hand, one applies the field at some initial temperature above freezing temperature Tf  
and then cools the system slowly in a constant field to the desired temperature. We took 
our macroscopic time to be 10 minutes, desired field of 1 T and the sample was cooled 
from 100 K to 2 K.
The comparison to our A1 doped samples reveals that there is a much larger 
change in % (T) with Mn doping than with A1 doping, even at room T. In order to 
parameterize the changes that occur upon Mn doping we fit a form that includes a high T  
activated behavior similar to that found in pure FeSi, a T  independent Pauli susceptibility 
(Sx), and a Curie-Weiss term, x  - x c n (g Hgf  J(J + 1 ) /  3 kB ( T  - 0 W), to the data (see 
Eq. 2.22). Here, 0 W is the Weiss temperature, n is the formula unit density, and xc is the 
number of spin 5/2 per formula unit. The solid lines through a few of the data sets in Fig. 
5.1 is an example of our best fits to Eq. 2.22. Figs. 5.4 (a, b), and 5.5 (a, b) show 
parameters resulting from these fits for 5x, the energy gap (Az), the ratio x c /  x  
determined from the low T curie constant, and 0 W. The parameters found from fitting to 
this form display the systematic effects with doping: an increase in Pauli susceptibility, an 
increase in |0 W|, and a decrease in xc / x  with x. One can estimate the effective mass m ’ 
from the Pauli term by using Eq. 2.24. We find an m’ of (56 ± 5)mr for Mn as compared 
to m' of (14 ± 2)mr for A1 doped FeSi 32 (v = 8 for the valance band maximum) . This is 
an extraordinarily large mass for a d electron compound.
0 w(jc) is less than zero revealing an antiferromagnetic interaction that increases 
with x  as the Mn-Mn distance decreases. The ratio xc /  x  shows that the percentage of
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spins involved in the C-W tail is steadily decreasing with x. A simple model assuming 
that Mn atoms with a nearest (6) or next nearest (6) Mn neighbor form singlet clusters, 
and do not contribute to the Curie-Weiss tail is shown along with the data in Fig. 5.5 (a) 
(solid line). This decrease in jcc /jc could be a result of an interaction of Mn spins to form 
singlets resulting in small regions of AFM couplings, a reduction of the number of 
localized electrons as the carriers become itinerant, or a Kondo like interaction between 
the induced carriers and the Mn spins. Since |0cw| is increasing with x, we believe that 
although all three are probably occuring to some degree, the first is most likely the 
dominant effect. Fig. 5.4 (b) shows that there is at most a 120 K decrease in Az over this 
range in x. The small change in Az can be interpreted as evidence that the addition of 
itinerant carriers by Mn substitution has not significantly altered the gross features of the 
band structure of FeSi. We present in Fig. 5.6 (a) M (H) data for four Mn concentrations. 
In Fig. 5.6 (b) the M  of our 2% Mn sample at various temperatures is displayed. Naively 
one can interpret these data as consisting of the linear M (H) of the free carriers (SxH) 
added to the magnetization of noninteracting ions (see Eq. 2.25). The solid lines through 
data in Fig. 5.6 (a) are the best fits to Eq. 2.25 with the 5x taken from fits to x  (T) and 
Lande g factor taken as 2.
5.3 Resistivity and Magnetoresistance Measurements
Figs. 5.7, and 5.8 present the zero field conductivity (ct) of our Mn doped 
samples. The low Mn concentrations (0 < x  < 0.08) (Fig. 5.8) data are similar in form to 
the a  of our FeSi,.zAlz samples in the same concentration range. In both cases there is a 
systematic increase in the low T  conductivity with doping. This is coupled with small 
changes in the room temperature a  where the intrinsic activated carriers dominate. 
However, there are some significant and telling differences from FeSi,.zAlz that this data 
set exhibits. Although the carrier concentrations at any particular x  (z) are similar for the 
two types of substitution, the low temperature o  of Fe,.xMnzSi is factor of two smaller 
than that of the corresponding FeSi,.^^ samples.
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Fig. 5.1 Magnetic susceptibility % (T) for Fe^Mn^Si at 0.1 T, with the symbols noted in 
the figure. The solid lines through a few of the data sets are the best fits to Eq. 2.22.
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Fig. 5.2 (a) History dependence of the magnetization for Fe0 97Mn003Si at T  = 2 K 
showing a small hysterisis upon increasing the field from zero. Sample was initially 
cooled from 100 K to 2 K in zero field, (b) The size of the hysterisis width as a function 
of T  for Fe097Mn003Si.
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Fig. 5.3 Field dependence of the isothermal remanent magnetization IRM and of the 
thermo-remanent magnetization TRM obtained after cooling from T = 100 K to T  = 2 K 
in a field H =  IT .
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0 0.02 0.04 0.06 0.08 0.1
Fig. 5.4 (a) Pauli susceptibility (8 x) for Fe,.llMn](Si and FeSi,_zAlz as a function of 
concentration with the symbols noted in the figure. The solid lines are the best fits to Eq.
2.24. (b) Energy gap as measured from magnetic susceptibility (A,) for Fe,.KMnxSi as a 
function of concentration with the same symbols as in (a).
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x
Fig. 5.5 (a) The ratio xc /  x  determined from the low T  Curie constant. Solid line 
represents a simple model assuming that Mn atoms with a nearest (6 ) or next nearest (6 ) 
Mn neighbor form singlet clusters, and do not contribute to the Curie-Weiss tail (b) The
Weiss temperature from fits of the lowT % (7) (see Eq. 2.22) for Fe 1.IMnISi.
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T = 4.2 K
x = 0 . 0 1  
x = 0 . 0 2  
x = 0.03 
x = 0.05
Fe. ..M n ! #.*» 0 . * 2
4.2 K
H (T)
Fig. 5.6 (a) Field dependence of the magnetization for Fe^M n.Si with symbols noted in 
the figure. The solid lines are the best fit to Eq. 2.25. (b) Field dependence of 
magnetization for Fe^M no^Si at 2 and 4.2 K.
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Furthermore, an examination of o  for F e ,xMnxSi below 20 K shows a maximum 
in o  which systematically moves to lower T  with increasing doping (see Figs. S. 8  and 5.9
(a) and (b)). This insulating like behavior was also apparent in FeS i,.^^  samples for z < 
0.01, but persists for Fe,.IMnxSi up to x  = 0.10. The downturn in a  at low T  makes 
determining the critical concentration for the MI transition difficult We have taken a point 
of view supported by exhaustive experiments in classic semiconductors such as Si:P that 
the insulating samples will have a conductivity described by either the variable-range- 
hopping (VRH) model: a  = <j vk exp(-(T0 /  T)1/4), or by the electron-electron interaction 
model: a  = a0 + mJTi/2 with o 0  = 0  for insulating samples and o 0  > 0  for metallic samples 
(see chapter 2 for detailed discussion). Using this criterion we determined by comparing 
the quality of fits to these forms below 1 K that the critical concentration for Fe^Mn^Si is 
in the range 0.025 < xe < 0.03, a much larger critical concentration found in FeSi1.zAlz 
(0.005 < zr < 0.01)32.
In order to further the comparison of Fe,_xMnxSi and FeSi,.zAlz, as well as to 
highlight the effects of doping this Kondo insulator on the transition metal site, we have 
investigated the magnetoconductivity (MC) below 1 K for samples near the MI transition. 
In our previous investigation of FeSi,.zAlz we found clear evidence for e-e interaction 
effects in a  (T,H) for samples on the metallic side of the transition32. Since our Fe,. 
xMnxSi samples also span the MI transition, we expect to find similar metallic behavior, 
including the V r  dependence of a  at low T  displayed in Fig. 5.10 (a) and (b) for the x  = 
0.03 and x  -  0.04. However, the changes that occur upon application of moderate 
magnetic fields to this metallic sample (x > 0.03) do not correspond to the simple 
behavior found in FeSi ,.^1^. Although the high field MC assymptotically approaches a 
V77 form, the low field MC is positive as shown in Fig. 5.11 (b) for the Fe0 9 6 Mn004Si 
sample. This figure also shows that transverse and longitudinal MC are very similar 
showing that the MC is not due to orbital effects. The magnitude of this positive MC is 
larger than that predicted by weak localization and attempts to fit the data by the sum of
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e-e interactions and weak localization effects failed to reproduce the MC for any value of 
the parameters, these included diffusion constant, g-factor, and the inelastic scattering 
time. As Fig. 5.10 reveals, there is also an attenuation of the V r contribution to a  at 
these same fields. Both of these effects, a positive contribution to the MC, and reduction 
of the value of opposite to what was observed in FeSi,.zAlz (see Fig. 5.15 (a)) cannot 
be understood within the standard e-e interactions picture that is so well documented for 
classic semiconductors, even when including the possible effects of weak localization.
Perhaps even more interesting is the effect of field on the samples just on the 
insulating side of the transition. These samples are identified as insulating since, as Fig. 
5.12 (a) points out for x  < 0.025, a variable range hopping form can describe the data at 
wideTrange fo v H -0  (see Fig. 5.13). T0 decreases nearly exponentially with x  as can 
be seen in Fig. 5.14 (b). The localization length determined from T0 and an estimate of 
the DOS (Eq. 2.17) is displayed in Fig. 5.14 (a). We have introduced the concept of a 
scaling length near MI transition in section 2.3 (see Eq. 2.16). On the insulating site of 
MI transition the scaling length or localization length in this case has a concentration 
dependence %L <x(l- n / n c)'v. The solid line through the data Fig. 5.14 (a) is the best fit to 
this form. However, as revealed in Fig. 5.13 (a), for fields greater than -  IT ,  the VRH 
form no longer describes the data. In fact, at these fields a  is much better described by a a  
= <J0 + m^T,/2 form (see Fig. 5.13 (b)).
Thus, we find for 0.015 < x < 0.025 (see Fig. 5.12 (b)) an insulator to metal 
transition with the application of magnetic field. The zero temperature conductivity o 0  
found from the fits to the data at 9 T are displayed along with the H = 0 o 0  in Fig. 5.15
(b) with FeSi,zAlz zero field data included for comparison. The zero temperature 
conductivity o 0  found from the fits to the data at 9 T are displayed along with the H  = 0 o 0  
in Fig. 5.15 (b) with FeSi,.zAlz zero field data included for comparison. The MI transition 
has been pushed down to 0.01 < xc < 0.015 by the magnetic field. At these temperatures 
the MC is similar in form to those samples on the metallic side of the
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Fig. 5.7 Temperature dependence of conductivity a  (T) at zero field for FeI.1 MnxSi for 0 
< x <  1 .
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Fig. 5.8 Temperature dependence of conductivity a  (T) at zero field for Fe,.xMnxSi for 0 
< x < 0.08.
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x
Fig. 5.9 Nominal Mn concentration dependence of (a) zero field conductivity maximum 
( o ^ )  and (b) temperature (T ^J  at which occurs.
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Fig. 5.10 The change in the conductivity (a - a0) below 4 K for two Mn-doped Fe,. 
jMn^Si samples plotted as a function of T‘n with x  = 0.03 (a) and jc = 0.04 (b) at zero
field and at 9 T as labeled in (a). The solid lines represent the best fits to the form a  = a0
+ ma Ttn with a 0  and ma determined from the fits to the data below 1  K.
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Fig. 5.11 The magnetoconductance (a(H,T) - o£0,T)) of (a) Fe0  9 8 Mn002Si and (b) 
Fe0 9 6 Mn004Si as a function of Hin for temperatures labeled in the figure. We show in (b) 
that the MC does not depend on the direction at which the field is applied. Gray line
highlights the positive MC (Act > 0).
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transition. However, at the lowest temperatures the MC is clearly dominated by the 
positive contribution (see Fig. 5.11 (a) for Fe0 9 gMn002Si sample). We show in Fig. 5.16 
that the magnetoresistivity for FelxMnxSi as a function of magnetic field is systematic 
with Mn concentration. This figure also clearly displays the two separate (positive and 
negative) contributions to the MC. Fig 5.17 displays the high field MR for 10% Mn 
sample. We note that the size of the MR decreases with increasing Mn concentration.
An insulator to metal transition with the application of magnetic field has also been 
reported in In doped C d ^ M ^ ^ S e  and Hgo^jMn^p^Te 9I, and in magnetic 
semiconductor Gd,.xvxS4  97. In these materials similar to our Fe,.xMnxSi data, there is a 
crossover from VRH behavior to a V r dependence at 1 T. Furthermore, as we have seen 
in FelxMnxSi there are two contributions to MC: one positive which dominates at low 
fields and low T and the other negative which has a 4 H  assymtotic behavior. The 
behavior of these materials has been associated with the formation of bound magnetic 
polarons (BMP), a ferromagnetic coupling between local Mn spins with the more itinerant 
carriers leading to localization of carriers. This localization can be destroyed by the 
application of a magnetic field which polarizes the Mn spins. Thus, there is a tremendous 
similarity of FelxMnxSi to these dilute magnetic semiconductors, both in transport and 
magnetization. Recently it has been suggested that the behavior of these materials can be 
understood as arising from the opening of a psuedogap in the DOS due to a magnetic 
phase separation 98, " ,  ,0°. In this description field tends to homogenize the magnetic 
state of the material removing the psuedogap.
5.4 Conclusions
In summary, we have observed that Mn substitution, like A1 substitution, in Fesi 
results in one hole carrier per impurity being doped into this unconventional insulator. 
Both of these chemical substitutions lead to the formation of a heavy Fermion metallic 
ground state as evidenced by the large Pauli susceptibility induced upon doping.
However, just as in other Mn doped semiconductors, the presence of Mn has a localizing
86
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Fig. 5.12 (a) In (a) v sT l/4 for Fe,.EMnxSi at zero field for samples labeled in the figure. 
Lines represent best fits of ln(o)« T ,M to the low-T data, (b) Aa vs Tl/2 for Fe^^Mn^i at 
9 T (symbols as in (a)). Lines represent best fits of a o  (T) «  T,n form to the low-F data.
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Fig. 5.13 Fe0 9 gMn002Si (a) In (a) vs T ,M at zero field and 3 T. The solid lines represent 
the best fits to ln(<T)°* T ,/4 form, (b) Act vs T/ / 2  at the fields labeled in the figure. Lines 
represent best fits to the low-T data to Act (T) *  V n.
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Fig. 5.14 FelxMnxSi (a) localization length (%J vs. nominal Mn concentration. Solid line
is the best fit to the form £ o c ( i-n / n c)'v, with nc = ( 1 . 2  ± 1 . 1 ) x 1 0 2 1  /  cm3, and v = 1 . 2
± 0.5. (b) T0 (K) on log scale plotted as a function of nominal Mn concentration in zero 
field. Solid line represents a fit of the form T0 = exp (-a x) to the data.
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Fig. 5.15 (a) Plot of ma from fits of the form a  -  a0 + ma T,n to the data vs. nominal 
concentrations of Fe,.)tMn]lSi and FeSiI ;,Alz in fields labeled in the figure, (b) The low-F 
conductivity vs. nominal concentrations of Fe,.xMnxSi and FeSil zAlz (symbols same as
in (a)). The solid lines represent a fit to the form <jl t = a0(n / nc -  l ) v. FeSiAl: v = 0.9 ±
0.1, a0 = 190 ± 40 (Q c m )F eM n S i :  at H  = 0, v = 0.41 ± 0.15, a0 = 1200 ± 500 (S2
cm)'1, and at H -  9T, v = 0.8 ± 0.1, a0 -  400 ± 100 (Q cm)'1.
90
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
F e, Mn S i


















0 2 4 6 8 10
H (T)
Fig. 5.16 Fe, ^Mn^Si magnetoresistivity vs. magnetic Held for samples labeled in (a) at T  
= 0.25 K (a) and T  = 0.95 K (b).
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,Si magnetoresistivity vs. magnetic field at the temperatures labeled in
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effect on the carriers at low temperature92. This localization is removed by fields of order 
1 T and can induce metallic behavior in samples just on the insulating side of the MI 
transition. The similarities in the low temperature transport of Fe^Mn^Si and the more 
traditional Mn doped semiconductors, such as CdSe, HgTe, and GaAs suggests that Fe,. 
xMnxSi represents the first, to our knowledge, heavy Fermion diluted magnetic 
semiconductor.
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CHAPTER 6
CONCLUSIONS
We have presented the measurements of the magnetic and transport properties of 
several dilution series of the mono-silicides FeSi, CoSi, and MnSi. The common crystal 
structure of these materials allowed an investigation of their electronic and magnetic 
properties as we varied the number of d electrons on the transition metal site. We have 
investigated the transport and magnetic behavior across this dilution series by carrying out 
magnetization. Hall effect, resistivity and magnetoresistance measurements. We have 
discovered an extraordinarily large anomalous Hall effect in Fe,_yCoySi, a new mechanism 
for MR in ferromagnets (Fe,.yCoySi), and a new Heavy Fermion DMS (FeIXMnxSi).
6.1 Hall Effect Measurements
Although our materials are not suitable for technology, our data, as well as recent 
investigations of L a^C a^oO j 8 3  and La,.xSrxM n0382, suggest that doping of anomalous 
insulators such as Kondo, Mott-Hubbard, and charge transfer insulators can often lead to 
magnetic metals with large Hall effects. Our comparison of Fe,.yCoySi and FelxMnxSi 
reveals that simple models to predict the size of pxy from M  and p „  are not complete, and 
thus a true exploration of likely materials is necessary. We hope that our d a t a  will 
motivate such investigations since it suggests that this anomalous Hall effect need not be 
strongly T dependent, can be large in materials with a few hundred p£2 cm resistivity, and 
has a linear field dependence in helimagnets, or soft magnets.
6.2 Fe,.JVIiixSi
For this dilution series we concentrated on the low Mn concentrations (0 < x  <  
0.08) with the intention of comparing it with FeSi,.^!*. We have observed that Mn 
substitution, like A1 substitution, in Fesi results in one hole carrier per impurity being 
doped into this unconventional insulator. Both of these chemical substitutions lead to the 
formation of a heavy Fermion metallic ground state as evidenced by the large Pauli
94
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susceptibility induced upon doping. However, just as in other Mn doped semiconductors, 
the presence of Mn has a localizing effect on the carriers at low temperature92. This 
localization is removed by fields of order 1 T and can induce metallic behavior in samples 
just on the insulating side of the MI transition. The similarities in the low temperature 
transport of Fe,.xMnxSi and the more traditional Mn doped semiconductors, such as 
CdSe, HgTe, and GaAs 9,*94suggests that Fe,.xMnxSi represents the first, to our 
knowledge, heavy Fermion diluted magnetic semiconductor.
6.3 Fe,.yC oySi
Here we concentrated on the concentration range where this system becomes a 
heiimagnet (0.05 < y < 0 .8 ) with the intention of comparing it with a well known 
heli magnetic compound MnSi. The picture that emerges from magnetization 
measurements is that while MnSi has magnetization that is common to weak itinerant 
ferromagnets, Fe,.yCoySi is a weak itinerant ferromagnet with a small density of carriers 
that are completely, or nearly completely spin polarized at low T. We observe in 
agreement with previous measurements a large negative magnetoresistance peaking 
sharply near the Curie temperature in MnSi. We discover qualitatively different 
magnetotransport for the low carrier density ferromagnet produced by modest doping of 
FeSi by Co. Here, magnetoresistance is not only positive, but remains essentially 
temperature independent below the Curie temperature. It is thus not due to spin fluctuation 
effects responsible for most magnetoresistive phenomena of current interest. Instead, our 
data suggest that the magnetoconductivity is a spectroscopy of an electronic state density 
with a 4 e  (E is the energy) singularity of the type generally associated with disorder- 
induced enhancement o f electron-electron repulsion. Until now, such terms have 
been deemed relevant only at ultra-low temperatures (< 1  K). Thus, our discovery not 
only shows a new mechanism for magnetorestistance in ferromagnets, but also 
demonstrates the relevance of subtle quantum effects on electrical properties at 
temperatures beyond 50 K.
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